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1    Introduction 

The explosive 2,4,6-trinitrotoluene (TNT) is widely used and has been man- 
ufactured for many decades in the United States. Manufacturing processes 
have generated wastewaters containing as much as 100 mg of TNT per liter 
(Palazzo and Leggett 1986). Former disposal practices have resulted in con- 
tamination of soil and groundwater at a large number of active and inactive 
munition sites. The presence of TNT in high concentrations presents serious 
environmental problems. TNT and some of its transformation products are 
toxic to fish and other aquatic organisms (Won, Heckly, and Hoffsommer 
1974; Nay, Randall, and King 1974).  Soils contaminated with TNT inhibit 
plant growth (Palazzo and Leggett 1986; Folsom et al. 1988; Cataldo et al. 
1990). Movement of TNT into aquifers can also adversely affect drinking 
water supplies. 

The processes controlling the transformation and mobility of TNT in soils 
are not well understood. Previous studies have shown that TNT is subject to 
transformation (McCormick, Feeherry, and Levinson 1976; Kaplan and Kaplan 
1982; Pennington and Patrick 1990; Pennington et al. 1992). Ainsworth et al. 
(1993) reported that both abiotic and biotic transformations occurred in soils. 
They postulated that only a subset of TNT sorption sites are active in TNT 
transformation. Reduction of TNT has been reported in both oxidized and 
reduced systems (McCormick, Feeherry, and Levinson 1976; Pennington and 
Patrick 1990). Reduction of nitro groups to amino groups by Fe+2 sorbed to 
surfaces has been shown to occur by Heijman et al. (1995) for nitroaromatics 
other than TNT. 

The objective of this study was to determine the effects of redox potential 
(Eh) and pH on TNT transformation in soil. Soil components responsible for 
the reduction were also identified. 

Chapter 1   Introduction 



2    Materials and Methods 

Soil Collection 

A predominantly clay (49 percent) agricultural surface soil from the Missis- 
sippi River floodplain was used. The soil was classified as very fine, montmo- 
rillonite, nonacid, thermic Vertic Haplaquept (U.S. Soil Conservation Service 
classification) and designated Yokena Clay. The soil was air-dried, ground, 
and sieved through a 2-mm (0.08-in.) sieve. The sieved samples were thor- 
oughly mixed, transferred to polyethylene containers, sealed, and stored at 
room temperature. 

Eh-pH Incubation 

Tests were conducted in 2,800-mL (0.74-gal) Fernbach flasks. Organic 
matter (0.5-percent w/w) was added as an energy source for oxygen-consuming 
microorganisms. The organic matter obtained from the Atchafalaya Basin, 
Louisiana, was air-dried and ground to a powdery consistency in a roller mill 
before use. Sufficient distilled deionized water was added to the flasks to 
produce a water-to-solids ratio of 18:1. The water-soil slurries were kept in 
suspension by magnetic stirring and were maintained at room temperature that 
averaged 30.5 °C+ 1.02. 

Control of Eh and pH in the slurries was maintained using the methods 
developed by Patrick, Williams, and Moraghan (1973) with some modifica- 
tions (Brannon 1983). The Eh was monitored by platinum and Ag-AgCl elec- 
trodes connected to a pH-millivolt meter (Beckman Instruments, Fullerton, CA) 
(Figure 1). The desired Eh was set on a meter relay (Currier and Roser, 
New Orleans, LA), which, by activating an aquarium air pump when the set 
point was reached, prevented the Eh from falling below the preset value. 
When the suspension was oxidized to the desired Eh, the meter relay automati- 
cally switched off the air pump. To help maintain anaerobic conditions, nitro- 
gen gas was flushed through the system at a rate of approximately 15 mL/min 
(0.24 gal/hr). A combination pH electrode connected to a separate meter mon- 
itored pH. The desired pH was maintained by injecting 1.0-N HC1 or 1.0-N 
NaOH via a syringe through a serum cap into the suspension. The soil 
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Figure 1.     System used to control Eh and pH over time 

suspensions were allowed to incubate and stabilize (approximately 2 weeks 
depending upon the Eh) at the chosen Eh-pH levels before the addition of 
TNT. 

The study consisted of duplicate tests at four Eh levels, +500, +250, 0, and 
-150 mV, and four pH values, 5.0, 6.0, 7.0, and 8.0, or 32 experimental units. 
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Four separate sets of test soil-water suspensions incubated at four Eh levels, 
+500, +250, 0, and -150 mV were used. Tests at each Eh level were incubated 
in duplicate with each of four pH levels, 5.0, 6.0, 7.0, and 8.0. 

Following the initial incubation period to stabilize the pH and Eh, 1 mL 
(0.0338 oz) of methanol containing 15-mg TNT (2.31 grains) was added to the 
soil suspension in each flask (equivalent to 100 ug of TNT per gram 
(0.044 grains/oz) of soil). All flasks were covered with aluminum foil prior to 
spiking to prevent photodecomposition of the added TNT.  Slurry samples 
were withdrawn at 1, 4, 9, and 14 days after addition of TNT via a syringe 
through the serum cap. The samples were dispensed into 25-mL (0.845-oz) 
glass centrifuge tubes and centrifuged at 1,000 RCF for 45 min to separate the 
aqueous and solid phases. Water samples were analyzed for TNT and its 
transformation products, which included 1,3,5-trinitrobenzene (TNB), 1,3- 
dinitrobenzene (DNB), 4-amino-2,6-dinitrotoluene (4A-DNT), 2-amino-4,6- 
dinitrotoluene (2A-DNT), 2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrotoluene 
(2,4-DNT), 3,5-dinitroanaline (DNA), 2,6-diamino-4-nitrotoluene (2,6-DANT), 
and 2,4-diamino-6-nitrotoluene (2,4-DANT). Analyses were performed accord- 
ing to EPA SW-846 Method 8330 (U.S. Environmental Protection Agency 
(EPA) 1990). Following 14 days of incubation, the flasks were sampled for 
both water and soil. The water samples were obtained as described above. 
The flask contents were allowed to settle and the remaining aqueous phase 
decanted. The soils were then centrifuged to remove the remaining water, and 
a homogenized subsample was taken for analysis. The soils were analyzed for 
the same parameters as the waters with the addition of total 
tetranitroazoxytoluenes. 

Mass balance of TNT was determined in additional Eh/pH reactors using 
uniformly ring-labeled TNT ((14C)TNT) (New England Nuclear Research Prod- 
ucts, Boston, MA). Tests were run in duplicate at both +250 mV and 
-150 mV at pH 7. A bubble trap containing 1 N KOH was added to each 
flask to trap C02. All tests were set up identically to the Eh/pH incubations 
with unlabeled TNT. The total incubation period was 14 days. The KOH 
traps were sampled each day, and the water and soil were sampled on Day 14. 
Radiolabeled TNT and transformation products in the aqueous phase and 
trapped radiolabeled C02 were determined by counting 1 mL of water or KOH 
in 15-mL Ultima Gold Liquid Scintillation Cocktail (Packard Instruments, 
Meridan, CT) on a Packard Tricarb 2500 TR Liquid Scintillation (LS) Counter 
(Packard Instruments, Meridan, CT). The soil was analyzed for radiolabeled 
products by complete combustion in a Model 307 Packard Sample Oxidizer 
(Packard Instruments, Meridan, CT). Oxidized carbon was trapped as C02 in 
Carbo-Sorb and Permaflour Liquid Scintillation Cocktail (Packard Instruments, 
Meridan, CT) and assayed as described previously. 
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Clays and Cation Effects 

The ability of selected clays and cations to mediate transformation of TNT 
was investigated under both aerobic and anaerobic conditions. The clays 
tested were montmorillonite and kaolinite. The cations Fe+2 and Mn+2 were 
tested because they commonly occur in soils and sediments and were likely to 
affect the abiotic transformation of TNT. Two hundred mis (6.76 oz) of dis- 
tilled, deionized water was added to 250-mL (8.45-oz) amber bottles with 
sufficient iron oxide (Fe^), manganese dioxide (MnO^), aluminum hydroxide 
(Al(OH)3), montmorillonite, or kaolinite to yield a solution concentration of 
100 mg/« (5.84 grains/gal) of each component. The amount of component 
added was selected to minimize sorption yet allow transformations to be 
readily observed. Each treatment was spiked to give a solution concentration 
of 50 mg/{ (2.92 grains/gal) of TNT. Each treatment was conducted in tripli- 
cate. A control of distilled deionized water and TNT alone was also run. 
After spiking, the bottles were placed on a reciprocating box shaker at 
120 excursions per min and sampled at 24 and 72 hr. At each sampling 
period, 10 mis (0.338 oz) of solution was removed and frozen until analysis. 
The pH of each solution was checked at each sampling time. 

The Mn02 was prepared, washed, and dried as described by Loganathan 
and Burau (1973). Ferric oxyhydroxide was prepared by hydrolysis of ferric 
chloride in a dilute sodium hydroxide solution (pH = 12). The resulting red 
precipitate was repeatedly washed with distilled water until the supernatant pH 
reached 7.0. The manganese and iron oxides were oven-dried at 45 °C, 
ground with an agate mortar and pestle to 140 mesh, and stored in an airtight 
container at room temperature. Analysis of the Fe and Mn precipitates by 
X-ray diffraction showed that both were amorphous (no rigid crystalline 
structure). 

Ferrous (Fe+2) chloride and manganous (Mn+2) chloride were tested alone 
under anaerobic conditions. Ferrous chloride was also tested in the presence 
and absence of kaolinite and montmorillonite. All test preparations and sam- 
pling used deoxygenated distilled deionized water under a nitrogen atmosphere. 
The nitrogen atmosphere was necessary to prevent precipitation of the reduced 
iron and manganese as their respective oxides. The tests containing the ferrous 
chloride and the manganous chloride were sampled for Fe+2 and Mn+2 concen- 
trations prior to TNT spiking and at each sampling period to verify that oxida- 
tion and removal of these components by precipitation had not occurred. 

The TNT spike for the Fe+2, Mn+2, kaolinite + Fe+2, and montmorillonite + 
Fe+2 treatments was somewhat higher (64 mg/«) (3.74 grains/gal) than the 
spike for the other treatments because sample was withdrawn for Fe+2 analyses 
prior to TNT spiking. 
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3    Results and Discussion 

Experimental Variability 

Mean coefficients of variation (CV) for parameters measured during the 
Eh/pH incubations and TNT transformation investigations are summarized in 
Table 1. Experimental variation included variation between replicates, 
variation because of sample handling, and analytical variability; this was 
20.2 percent for TNT and generally less than 40 percent for the transformation 
products measured in the Eh/pH incubations and less than 8 percent for all 
parameters measured in the TNT transformation investigations. 

Table 1 
Mean Coefficients of Variation for Compounds Measured During 
Eh/pH Incubations and TNT Transformation Investigations 

Eh/pH Incubations 

Soil Slurry 

TNT TNB 4A-DNT 2A-DNT 2,4-DNT 2,6-DANT 2,4-DANT 

20.2 - 38.1 42.5 - 24.1 34.3 

Selected Clays and Cations 

AI(OH)3 7.7 5.1 - - 6.4 — __ 

Mn02 6.0 4.0 - - 3.9 _ — 

Kaolinite 7.8 4.4 - - 3.1 _ _ 

Montmorillonite 6.0 6.6 - - 7.3 — _- 

Fe203 5.1 2.6 - - 6.1 - — 

Fe+Z 2.9 2.4 - - 4.5 — _- 

Mn+Z 2.1 9.5 - - 7.5 —   

Mont + Fe+Z 3.2 - - - - - — 

Kaolinite + Fe+2 16.8 - - - - - _ 

Water control 7.2 3.4 -- - 3.3 -- " 
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Eh/pH Incubations 

Redox potential and pH of the soil suspensions had a marked effect on 
TNT transformation and stability. The TNT was not stable at any Eh/pH test 
combination. Less than 8 percent of the added TNT remained in any treat- 
ments. Table 2 shows the total percent mass of TNT remaining in the suspen- 
sions (soil and water) after the 14-day incubation. The TNT was most stable 
at 0 mV and pH 5, where 7.4 percent of added TNT remained (Figure 2). 

Table 2 
Percentage of TNT Remaining in the Aqueous and Soil Phases 
14 Days After Addition of 15 mg TNT 

pH +500 mV +250 mV OmV -150 mV 

5 0.20 1.05 7.4 <0.007 

6 0.13 0.25 3.28 <0.007 

7 0.09 0.11 <0.007 <0.007 

8 0.14 0.06 <0.007 <0.007 

W / jiKfWiß^W 

igj/   / r^ y*   /   jgSZSiBSy/   +500 

+250 

Eh, mV ^Wyy / /x-   - ■/ / jm 

PH 

Figure 2.    Total mass of TNT remaining (aqueous plus soil phases) 14 days 
after addition of 15 mg (2.31 grains) TNT at various Eh and pH 
values 
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Less TNT was recovered at higher Eh values, and no TNT was recovered at 
lower Eh values.  Under highly reducing conditions, -150 mV, TNT was not 
present at any pH. Most of the TNT recovered was in the soil (Figure 3). 
TNT was recovered in the water only at pH 5 in the 0-mV system (Figure 3). 
These results indicate that TNT persisted in the system only under moderately 
reducing (0-mV) and oxidizing conditions at pH 6 or below. 

At pH 6, 7, and 8, essentially all added TNT disappeared from solution 
after 1 day of incubation (Figure 4). TNT persisted longest in the 0-mV treat- 
ment at pH 5. These results indicate that TNT added to uncontaminated soil 
will not persist in solution under a wide range of redox potential and pH. The 
removal of TNT from the system by soil is most rapid and complete under 
highly reducing (Eh = -150 mV) conditions. Similar results were also noted 
by Folsom et al. (1988), who reported that the percent recovery of TNT in 
soils tended to decrease as soil pH increased. 

The transformation products produced were strongly related to the Eh of the 
soil system. Following 1 day of incubation, the transformation products 4A- 
DNT and 2A-DNT were present in solution at all Eh/pH combinations (Fig- 
ure 5).  Other products, 2,6-DANT and 2,4-DANT, were present in the 
solution phase of the 0- and -150-mV tests only. No other products were 
detected. At +500 mV and +250 mV, only 4A-DNT and 2A-DNT were pres- 
ent in solution. However, at 0 mV, 2,6-DANT and 2,4-DANT began to appear 
in solution, especially at pH 8.0. Under highly reduced conditions, -150 mV, 
2,6-DANT and 2,4-DANT were present at all pHs, with the highest concentra- 
tions occurring at pH 6, 7, and 8 (Figure 5). McCormick, Feeherry, and 
Levinson (1976) reported that the nitro groups on the TNT molecule are 
reduced in both aerobic and anaerobic systems and that, depending upon how 
reduced the system was, either one, two, or three of the nitro groups may be 
reduced to aminos. The data in this study show that rapid reduction of nitro 
groups to amino groups is favored under highly reducing conditions 
(-150 mV).  Concentrations of 2,6-DANT and 2,4-DANT increased in the 
-150-mV treatment compared with the 0-mV treatment with a corresponding 
decrease in concentrations of 2A-DNT and 4A-DNT. This suggests that the 
transformation of TNT is a stepwise reduction process progressing from anima- 
tion of a single nitro group to two nitro groups. 

The pattern of 2,6-DANT and 2,4-DANT being present under reducing 
conditions (0 mV and -150 mV) and absent under oxidized conditions 
(+500 mV and +250 mV) following 1 day of incubation generally persisted 
over the 14-day study period. At +500 and +250 mV, concentrations of 4A- 
DNT and 2A-DNT generally peaked at Day 4 at all pHs or remained constant 
and persisted over the 14 days of incubation (Figures 6 and 7). TNT was no 
longer present in solution at Day 4 except at pH 5.0 in the +250-mV treat- 
ment; 2,6-DANT and 2,4-DANT were either not detected or present in low 
concentration in the +500- or +250-mV treatments. 
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Figure 3.    Mass of TNT remaining (aqueous plus soil phases) 14 days after 
addition of 15 mg (2.31 grains) TNT at various Eh and pH values 

In the 0-mV treatment, higher initial concentrations of amino compounds 
were detected (Figure 8). At pH 5 and 6, concentrations of 2A-DNT and 4A- 
DNT had peaked by Day 1. At pH 7 and 8, concentrations of 2A-DNT and 
4A-DNT peaked at Day 4. Concentrations of 2,6-DANT and 2,4-DANT 
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Figure 6.    TNT and its transformation products in solution at each pH over time at +500 mV 

generally increased slightly or remained relatively constant over time and were 
present at higher concentrations at 0 mV than at +250 mV. 

Disappearance of TNT and appearance of its transformation products was 
most rapid at -150 mV (Figure 9). Concentrations of 2A-DNT, 4A-DNT, 2,6- 
DANT, and 2,4-DANT generally peaked at Day 1 except at pH 5 where 2,6- 
DANT and 2,4-DANT concentrations increased. TNT was not detected in 
solution at any sampling time in any pH treatment. 

Results of solution analyses indicate that as Eh decreased, reduction of nitro 
groups on TNT to amino groups became more rapid and progressed from one 
to two nitro groups. Soil sampling and analysis at 14 days confirmed these 
results (Figure 10). TNT was not present in the soils, and degradation prod- 
ucts were present only at pH 5 in the -150 mV test. These results indicate that 
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Figure 7.    TNT and its transformation products in solution at each pH over time at +250 mV 

TNT in a highly reduced system will not persist as the parent compound or its 
transformation products. Higher concentrations of TNT and its degradation 
products were generally found as pH decreased except for isolated exceptions 
such as pH 8 in the +500-mV treatment. Percent recovery data, including both 
the soils and water, for TNT following 14 days of incubation (Figure 11) fur- 
ther illustrated the impact of pH and Eh on TNT. Where TNT persisted, 
recovery generally increased as pH decreased. Recovery trends were not as 
clear for Eh except at pH 8 where recovery decreased as Eh decreased. The 
most pronounced finding was the disappearance of all TNT at -150 mV, 
regardless of the pH. 

As presented earlier in Figure 3, TNT was not found in either the soil or 
solution phase of the -150-mV tests by the end of the 14-day incubation test 
run. The only transformation products in the soils were found at pH 5 and 
consisted of 4A-DNT, 2A-DNT, 2,6-DANT, and 2,4-DANT. The waters 
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Figure 8.     TNT and its transformation products in solution at each pH over time at 0 mV 

contained 4A-DNT, 2,6-DANT, and 2,4-DANT at pH 5 and 8. The highly 
reduced conditions of this treatment promoted complete transformation 
of TNT and also disappearance of the transformation products investigated in 
this study (Figure 9). 

Mass Balance for Eh/pH Incubations 

Results showed most of the radiolabeled carbon was present in the Eh/pH 
reactor vessels. In the +250-mV test, total recovery of radiolabled carbon was 
113 percent. The additional percentage was probably due to spiking error. Of 
this total, 83 percent of the radiolabel was present in the soil, 31 percent in the 
water, and 2.7 percent was mineralized as C02. The -150-mV tests showed 
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Figure 9.     TNT and its transformation products in solution at each pH over time at -150 mV 

similar results. Total recovery of the radiolabel for this test was 92 percent. 
The soil contained 82 percent of the radiolabel, with the water containing 
9.6 percent and the KOH traps 0.09 percent. These data support the conclu- 
sion that low percent recovery in the initial tests was a result of the degrada- 
tion products being bound to the soil in unmeasured and perhaps unextractable 
forms. 

TNT Transformations Mediated by Soil 
Components 

The pH changed by less than 10 percent between the 24- and 72-hr sam- 
pling period (Table 3). Addition of Fe+2 to montmorillonite and kaolinite 
generally lowered the pH, but not more than one pH unit. 
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No significant disappearance of TNT was noted for any of the treatments 
with the soil components alone (Table 4). Low amounts of TNB and 2,4 DNT 
were detected in all but the montmorillonite + Fe+2 and kaolinite + Fe+2 treat- 
ment. However, the concentrations of TNB and 2,4 DNT observed were gen- 
erally similar to those found in the water control, indicating either presence in 
the stock solution or formation during the test. The water control showed a 
decrease in TNT from 46.5 to 44.3 mg/fi (2.72 to 2.59 grains/gal) from 24 to 
72 hr. 

Disappearance of TNT from solution expressed as the concentration of TNT 
at sampling time over the initial concentration present in the system (C/C0) 
was observed in the montmorillonite + Fe+2 and kaolinite + Fe+2 treatments 
(Figure 12). TNT disappearance was rapid in these treatments, with approxi- 
mately 90 percent of the added TNT lost within 24 hr. TNT showed no 
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Figure 11.   Percent recovery of TNT totaling both the soil and water after the 
14-day sampling period 

Table 3 
Solution pH of the Various Water-Soil Component Mixtures 
During Testing 

Treatment 

Time, hr 

24 48 

AI(OH)3 6.04 6.13 

Mn02 5.39 5.99 

Kaolinite 5.86 5.86 

Montmorillonite 5.28 5.64 

Fe203 5.76 6.28 

Fe+2 4.80 4.50 

Mn+2 7.20 7.20 

Montmorillonite + Fe+2 5.00 4.80 

Kaolinite + Fe+Z 5.00 4.80 

Water control 
  

7.30 7.00 
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Figure 12.   TNT in solution over time at each treatment versus concentration of 
TNT at sample time over initial concentration 

disappearance in the treatments with clays or Fe+2 alone. No transformation 
products were detected in the treatments where TNT disappearance occurred. 
These results are consistent with the mechanism for transformation of nitroaro- 
matics presented by Heijman et al. (1995) wherein Fe+2 sorbed to surfaces 
reduced a nitro group to an amino group. Following this reduction, TNT can 
form relatively insoluble and difficult to analyze azoxy compounds (Kaplan 
and Kaplan 1982). The disappearance of TNT and the detection of no degra- 
dation products support this mechanism of removal. 

The rapid disappearance of TNT in the presence of Fe+2 sorbed to surfaces 
may explain the rapid disappearance of TNT from solution under highly 
reduced conditions (-150 mV). Reduction of Fe+3 to Fe+2 under highly 
reduced conditions is a rapid and continuing process (Gotoh and Patrick 1974). 
The sorbed Fe+2 so produced can then reduce TNT nitro groups to amino 
groups and Fe+3. The Fe+3 formed as a result of the reduction reaction is 
rapidly reduced to Fe+2 under anaerobic conditions and the cycle continues. 
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4    Conclusions 

TNT added to soils was more stable at lower pH, especially pH 5 under 
oxidizing to moderately reducing conditions. TNT was least stable at any pH 
under highly reduced conditions. Reduced soil conditions promoted rapid and 
complete disappearance of TNT.  Soil component studies showed that the 
presence of Fe+2 sorbed to surfaces may explain the rapid disappearance of 
TNT from solution under highly reduced conditions (-150 mV). TNT persists 
at very low levels in soils only under moderately reducing and oxidizing con- 
ditions at pH 6 and below. 

TNT in groundwater moving into an area of intense reduction would not 
long persist. The TNT would be rapidly transformed into mono and diamino 
compounds, which disappear from solution and soil. Soil extraction recovered 
only a small portion of the added TNT, and azoxy compounds were not found, 
indicating that the products of TNT degradation were bound to the soil in 
unknown, unextractable forms. Radiolabeled recovery tests showed that the 
labeled carbon was not mineralized but remained associated with the soil in 
some form. 

Chapter 4   Conclusions 
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